The bacterial flora of metal cutting fluids has been extensively investigated in recent years and a variety of organisms have been isolated. Although pseudomonads are the most predominant contaminanits, other organisms including staphylococci, enterococci, yeasts, molds, sulfate-reducing bacteria, and numerous enteric bacilli have been isolated from these products (Duffett et al., 1943; Weirich, 1943; Pivnick, 1952; Bennett and Wheeler, 1954; Pivnick and Fabian, 1954; Tant and Bennett, 1956; and Bennett, 1957) .
At this time investigators do not understand the manner in which these organisms produce spoilage of metal cutting fluids. No individual species isolated from these products has ever been observed to produce spoilage under experimental conditions. The aerobic flora produces only a brownish discoloration and oil cap in laboratory studies whereas spoiled emulsions are always characterized by: (a) The These observations indicate that possibly spoilage is produced by several different organisms working together and that sulfate-reducing bacteria may be involved in deterioration. Bennett (Unpublished Obser- vations, Gordon Research Conference, 1957) has postulated a two phase spoilage process, the first phase involving aerobic bacteria and the second involving anaerobic sulfate-reducing bacteria. The objective of this study was to investigate the possible existence of such a relationship.
MIATERIALS AND METHODS The culture of sulfate-reducing bacteria used throughout this study was obtained from Dr. R. L. Starkey, Rutgers University. The stock culture was maintained on medium I, a modification of M-10-E medium (Morita and ZoBell, 1955) The culture was examined at regular intervals for purity by inoculating into thioglycolate broth (BBL)' and nutrient broth (Difco)2 and incubating at 30 and 55 C. The organism was not able to grow in nutrient broth. The thioglycolate medium supported slight growth of the organisms at 30 C, however, no growth occurred at 55 C. Microscopic examination of the growth in the thioglycolate broth revealed typical gram negative vibrios identical to those of the original culture. The organisms were subcultured 5 times in thioglycolate broth and then returned to medium I where they produced growth characteristic of Desulfovibrio desulfuricans.
The aerobic flora used in this study consisted of a mixture of bacteria that had grown in an emulsion for approximately 2 years. The mixture consisted predominantly of pseudomonads.
Unless otherwise stated, the emulsion used throughout the study was 4 per cent emulsion oil ( § 1270-RL-50)3 containing no inhibitor. The emulsion is a highly buffered product at pH 8.3. Each emulsion or medium was prepared in duplicate and placed into 6-oz prescription bottles in 150.0-ml quantities.
The efficiency of any test medium in supporting the growth of sulfate-reducing bacteria was determined by subculturing a 1.0-ml portion into a fresh sample of the same medium and inoculating 1.0 ml into 20.0 ml of medium I. Medium I turned black within 48 sulfoxylate and 10.0 g of 40 mesh iron filings per bottle. Each medium was inoculated with 1.0 ml of the sulfate-reducing bacteria culture. Additional sets were inoculated with 1.0 ml each of the aerobic and the sulfatereducing bacteria and 1.0 ml of only the aerobic bacteria. The bottles were incubated at 30 C for 1 month at which time they were examined for the presence of viable cells and subcultured into a fresh sample of the same medium.
Effect of medium I on the growth of sulfate-reducing bacteria in emulsion oils. Duplicate sets of each of the following media were prepared and sterilized at 15 lb steam pressure for 15 min.
1. Emulsion 2. Emulsion + medium I 3. Emulsion + medium I with 10.0 g of 40 mesh
iron filings. One set of each medium was inoculated with 1.0 ml of the pure sulfate-reducing bacteria. Additional sets were inoculated with 1.0 ml of the aerobic flora and wsith 1.0 ml each of aerobic and the sulfate-reducing bacteria. All of the emulsions were incubated at 30 C for 1 month, examined for the presence of viable cells, and subcultured into a fresh sample of the same medium.
Effect of organic compounds on the growth of sulfatereducing bacteria in emulsion oils. Duplicate sets of each of the following media weere prepared and sterilized at 15 lb steam pressure for 15 min.
1. Emulsion + 0.35 per cent calcium lactate 2. Emulsion + 0.1 per cent peptone 3. Emulsion + 0.1 per cent yeast extract One set of each medium was inoculated with 1.0 ml of the pure sulfate-reducing bacteria. Additional sets were inoculated with 1.0 ml of the aerobic flora and with 1.0 ml each of the aerobic and the sulfate-reducing bacteria. The bottles were incubated at 30 C for 1 month, examined for the presence of viable cells and subcultured into fresh samples of the same media.
Effect of inorganic salts on the growth of sulfatereducing bacteria in emulsion oils. One set was inoculated with 1.0 ml of the pure sulfatereducing bacteria. Additional sets were inoculated with 1.0 ml of the aerobes and with 1.0 ml each of the aerobic and the sulfate-reducing bacteria. The bottles were incubated at 30 C for 1 month, examined for the presence of viable sulfate-reducing bacteria, and subcultured into fresh samples of each medium.
RESULTS
All 12 of the sterile, uninhibited metal cuttinig fluids, which are known to deteriorate under industrial conditions, failed to support the growth of pure sulfatereducing bacteria. After 3 months of incubation, no visible change could be observed in the emulsions and it was impossible to recover viable cells in medium I after 3 weeks. The failure of repeated attempts to produce the typical spoilage experimentally indicated that pure cultures of sulfate-reducing bacteria were unable to grow in rmetal cuttinig fluids. It was obvious that additional factors were necessary for the grow-th of these organisms and the production of spoilage.
In table 1 it may be seen that the addition of iron filings and the reduction of the oxidation-reduction potential did not result in grow'th of the sulfate-reducing bacteria. The sulfate-reducing bacteria did not growv in pure culture or with the aerobes. However, the aerobes grew and produced the usual brownish discoloration in each medium. Since spoilage did not develop in any of the emulsions, these factors could not be considered of primary importance.
In table 2 it mav be seeni that even the addition of medium I to the emulsion did not result in spoilage or growith of the pure cultures of sulfate-reducing bacteria.
No visible change occurred in the emulsion and viable cells could only be recovered in medium I after two subcultures. However, the emulsion containing the mixture of aerobic and sulfate-reducing bacteria spoiled within 48 hr after inoculation. After 1 week the emul- sion had turned black and had completely separated into the oil and water phases. It was possible to transfer the organisms through five consecutive subcultures with no reduction in spoilage. The control containing the aerobic flora developed the brownish discoloration and oil cap in all five subcultures. The addition of iron filings had no effect on either the growth of the organisms or the spoilage of the emulsion.
It was apparent from these results that the factors necessary for the spoilage process could be supplied by medium I in the presence of both aerobic and sulfatereducing bacteria. As shown in table 3 the organic components of medium I did not support the growth of sulfate-reducing bacteria through five subcultures even in the presence of the aerobic flora. The addition of any one organic compound to the emulsion was very unsatisfactory. Both calcium lactate and peptone supported the growth of the sulfate-reducing bacteria in the presence of the aerobes but the spoilage was much less intense than when the complete medium I was used. The emulsion turned only dark blue-gray in color with a heavy creamy appearance. Both of these conditions disappeared and viable cells could not be recovered in medium I after the third subculture. Yeast extract had no effect on the growth of the sulfate-reducing bacteria and no visible change occurred in the emulsion. The aerobes produced only the brownish discoloration and oil cap, and no visible change could be observed in any of the emulsions when inoculated with only the pure sulfate-reducing bacteria. Although sulfate-reducing bacteria have been implicated in the spoilage of emulsion type cutting oils (Bennett, 1957) , there is no information in the literature concerning the actual manner in which these organisms might be involved. Until recently, the aerobic flora, composed mostly of Pseudomonas species, has completely monopolized the attention of the majority of workers, yet these organisms alone have never been shown to produce the typical spoilage of an emulsion in the laboratory. Instead, only a brownish discoloration and a surface oil cap may be observed. The results of the present investigation prove the existance of a heretofore unrecognized interrelationship between sulfate-reducing bacteria and the aerobic heterotrophic flora in the deterioration of emulsion oils. This study reveals that the sulfate-reducers are not only associated with buit are actually dependent upon the aerobic flora in producing their destructive effects.
The most obvious relationship between the two groups of organisms could involve a reduction of the oxidation-reduction potential. ZoBell and Rittenberg (1948) reported that a reduced medium with an Eh of -.10 to -.30 volts was optimum for the growth of sulfate-reducing bacteria. Since pseudomonads are capable of lowering the Eh to a value of -.10 to -.20 volts, it may be assumed that the aerobes provide an Eh in the emulsions optimum for the growth of the sulfate-reducing bacteria. Heukelekian (1948) reported that the elimination of the heterogenous flora in sewage prevented the sulfate-reducing bacteria from producing sulfide unless the Eh was artificially reduced by the addition of some reducing agent. In the present study, the addition of either ascorbic acid or sodium formaldehyde sulfoxylate did not produce spoilage or growth of the pure cultures of sulfate-reducers. The emulsions collect a considerable quantity of iron filings during use. It has been reported that sulfatereducing bacteria are unable to grow in the absence of iron, that no autotrophic growth takes place in the absence of hydrogen (Butlin et al., 1949) , and that mild steel will act as a hydrogen donor (Butlin and Adams, 1947) . In view of these reports, there is a possibility that an iron source as well as an anaerobic atmosphere is necessary for spoilage. However, in this study neither of these factors, either separately or together, could produce typical spoiltage.
When the complete medium I was incorporated into the emulsion, spoilage occurred within 48 hr in the presence of both the aerobes and the sulfate-reducing bacteria. Apparently medium I contained some factors either contributory to, or possibly even essential for, the spoilage process. This was further supported by the fact that the spoilage continued through five subcultures, thus eliminating the possibility of a carry-over effect. The organisms were obviously growing anid actively metabolizing in each subculture.
The organic components of medium I did not support growth of the sulfate-reducing bacteria through five subcultures even in the presence of the aerobes. On the other hand, in the presence of the inorganic salts, aerobes and sulfate-reducing bacteria, typical spoilage occurred through all five subcultures. Thus inorganic salts appear necessary or at least contributory to spoilage.
Since pure cultures of sulfate-reducing bacteria consistently failed to produce typical spoilage, the aerobic flora as well as certain nutritional factors must beneces-BACTERIAL DETERIORATION OF EMULSION OILS. II sary. Considering the shorter initial lag period and generation time of the pseudomonads, it is logical to assume that these organisms precede the growth of the sulfate-reducers. The heterotrophic organisms may alter or produce certain compounds essential for the later growth of sulfate-reducing bacteria. SUMMARY It has been shown that spoilage of emulsion cutting oils is the result of the combined activities of two distinct types of microorganisms. The organisms involved were found to be anaerobic sulfate-reducing bacteria and a variety of heterotrophic aerobic bacteria the majority of which belong to the genus Pseudomonas. It was also shown that certain inorganic salts were essential for deterioration.
Guynes and Bennett (1959) have reported that some form of interrelationship between aerobic and sulfatereducing bacteria is involved in the deterioration of emulsion oils. These workers found that sulfatereducing bacteria could not grow in an emulsion unless a mixed aerobic flora was present and that growth of both groups of organisms resulted in the spoilage of the product.
There are several reports in the literature concerning the dependence of sulfate-reducing bacteria on other organisms. Heukelekian (1948) and Butlin et al. (1956) found that sulfate-reducing bacteria produced little sulfide when inoculated into sterile sewage. However, these bacteria produced considerable quantities of sulfides when accompanied by an inoculum of other organisms normally found in sludge. Kimata et al. (1955a, 195ab) nitrogen sources unless other bacteria were present. These workers concluded that sulfate-reducing bacteria were dependent upon other bacteria for the adjustment of the oxidation-reduction potential and the synthesis of unidentified essential compounds.
The objective of the present investigation was to study the nature of the relationship between aerobic and sulfate-reducing bacteria in the deterioration of emulsion oils.
EXPERIMENTAL METHODS
The culture of Desulfovibrio desulfuricans, the mixed culture of aerobic bacteria, the media, and emulsion used throughout this investigation was the same as that used by Guynes and Bennett (1959) .
Growth of sulfate-reducing bacteria was determined by qualitative tests for hydrogen sulfide and by recovery of viable sulfate-reducing bacteria in M-10-E medium (Morita and ZoBell, 1955) . All tubes were in-
